Abstract: Redox properties of a set of aryldiketo acids (ADKs), small organic molecules that comprise 2,4-dioxobutanoic acid moiety, were studied. Along with well-known HIV-1 integrase (IN) inhibition, ADKs exert widespread biological activities. The aim of this work was to evaluate the effects of aryl substitutions on the properties of the dioxobutanoic moiety that is involved in key interactions with metal ions within the active sites of target enzymes. The effect of pH on the electronic properties of nine congeners was examined using cyclic voltammetry and differential pulse polarography. The compounds were chosen as a simple set of congeners bearing Me-groups on the phenyl ring, which should not be involved in electrochemical reactions, leaving the diketo moiety as the sole electrophore. The substitution pattern was systematically varied, yielding a set having different torsion between the phenyl ring and the aryl keto group (Ar-C(O)). The protonation state of the ADKs at different pH values was determined from the experimentally obtained pK a values. The results showed that an equal number of protons and electrons were involved in the oxidation and reduction reactions at the surface of the electrode. Quantitative linear correlations were found between the reduction potentials and the energies of the frontier orbitals, calculated for neutral, mono-anionic and the corresponding radical anionic species, and the steric parameter as two independent variables.
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Abstract: Redox properties of a set of aryldiketo acids (ADKs), small organic molecules that comprise 2,4-dioxobutanoic acid moiety, were studied. Along with well-known HIV-1 integrase (IN) inhibition, ADKs exert widespread biological activities. The aim of this work was to evaluate the effects of aryl substitutions on the properties of the dioxobutanoic moiety that is involved in key interactions with metal ions within the active sites of target enzymes. The effect of pH on the electronic properties of nine congeners was examined using cyclic voltammetry and differential pulse polarography. The compounds were chosen as a simple set of congeners bearing Me-groups on the phenyl ring, which should not be involved in electrochemical reactions, leaving the diketo moiety as the sole electrophore. The substitution pattern was systematically varied, yielding a set having different torsion between the phenyl ring and the aryl keto group (Ar-C(O)). The protonation state of the ADKs at different pH values was determined from the experimentally obtained pK a values. The results showed that an equal number of protons and electrons were involved in the oxidation and reduction reactions at the surface of the electrode. Quantitative linear correlations were found between the reduction potentials and the energies of the frontier orbitals, calculated for neutral, mono-anionic and the corresponding radical anionic species, and the steric parameter as two independent variables.
INTRODUCTION
Small organic molecules that comprise 2,4-dioxobutanoic acid moiety in their structures exert widespread biological activities along with their well--known HIV-1 integrase (IN) inhibition. [1] [2] [3] Such compounds were described as inhibitors of: the HIV-1 reverse transcriptase ribonuclease H domain (RTRNase H); 4 undecaprenyl diphosphate synthase, the enzyme involved in bacterial cell wall biosynthesis; 5 M. tuberculosis malate synthase, 6 the endonuclease activity of the La Crosse orthobunyavirus L-protein; 7 the influenza virus PA endonuclease; [8] [9] [10] the duplex DNA-unwinding activity of the SARS coronavirus NTPase/helicase; 11 the protein tyrosine phosphatase 1B; 12 bacterial aldolases; 13 the hepatitis C virus RNA-dependent RNA polymerase, 14 and as inhibitors of protein-protein interactions between HIV-1 integrase and the cellular cofactor LEDGF/p75. 15 It was shown that 4-aryl-2,4-dioxobutanoic acids (aryldiketo acids, ADKs) exert promising activity against multidrug resistant bacteria. 16 Herein, as a continuation of work on structure-property relationship studies 17, 18 and the biological activity of ADKs, 16 the effects of pH on electronic properties of nine congeners (compounds 1-9, Fig. 1 ) were investigated using cyclic voltammetry (CV), and differential pulse polarography (DPP). Compounds 1-9 were chosen as a simple set of congeners, bearing Me-groups that should not be involved in electrochemical reactions to evaluate the effects of aryl substitution on the dioxobutanoic moiety. It was shown that this moiety is responsible for the inhibitory activity of ADKs since it is involved in interactions with metal ions within active sites of target enzymes. 18 The substitution pattern on the phenyl ring was systematically varied, yielding a set having different torsion between phenyl ring and the aryl keto group (Ar-C(O)). Due to the presence of ortho-Me groups and tri-and tetra-Me-substitution at the phenyl ring for some compounds, different congeners most probably differently approach and interact with the electrode. There are many electrochemical studies of various 1,3-diketones and their metal complexes in the literature. [19] [20] [21] [22] Nevertheless, except data on the polaro-_________________________________________________________________________________________________________________________ (CC) 2017 SCS.
Available on line at www.shd.org.rs/JSCS/ REDOX PROPERTIES OF ARYLDIKETO ACIDS 305 graphic behavior of four aryldiketo acid methyl-esters (unsubstituted, 4-Me-Ph, 4-Cl-Ph and 2-HO-Ph) in the pH range 2-12 in aqueous 20 % 2-propanol, 23 to the best of our knowledge there are no similar reports for ADKs. Oxidation and reduction potentials of the compounds at pH 1, 5 and 10, as well as the pK a values of the carboxyl group and the hydroxy group in the α-position with respect to carboxyl group were experimentally obtained. ADKs could simultaneously exist in two enol forms (I and III), conformationally locked (through intramolecular hydrogen bonding) by the pseudo-ring, and one diketo form (II) having two rotatable bonds, responsible for their conformational mobility (Fig. 2) . 24,25 From the NMR spectra of compound 1 recorded in the pH range 1 to 10, it was concluded that enol form I is predominant in aqueous solutions over a wide pH range, 26 and hence, for all calculations, the enol form I of the molecules was chosen. The geometries of the molecules in their neutral, monoanionic and corresponding radical anion or cation forms were optimized by MP2 calculations using the 6-31G(d,p) basis set.
EXPERIMENTAL

Reagents and apparatus
All chemicals were purchased from Fluka, Aldrich, or Merck, having >98 % purity, and were used as received. For purity assessment of the compounds, methanol (Merck, LiChrosolv), HCOOH (Fisher Scientific, F/1750/PB15), and acetonitrile (Sigma-Aldrich, Chromasolv) were used. For the thin-layer chromatography, silica gel pre-coated plates with fluorescent indicator (254 nm) were used.
Melting points were determined in open capillary tubes on a Stuart SMP-10 instrument and are uncorrected. The ESI-MS analysis was performed in methanol on an Agilent Technologies 6210-1210 TOF-LC-ESI-MS instrument in the negative mode. The IR spectra were recorded on a Thermo Nicolet 6700 FT-IR spectrometer equipped with an ATR accessory. The 1 H-and 13 C-NMR spectra of compounds 1-9 were recorded in DMSO-d 6 electrode (model CHI111). Differential pulse polarograms were recorded using a Metrohm 797 VA COMPUTRACE (Netherlands). The electrochemical cell was equipped with a dropping mercury electrode, Ag/AgCl (3 M KCl) reference electrode, and platinum wire as the accessory electrode.
For the determination of the acidity constants, UV/Vis spectra were recorded on a GBC Cintra 6 spectrophotometer (GBC Dandenong, Australia) with 1 cm quartz cuvette. The pH values were measured using a CRISON pH-Burette 24 2S, equipped with CRISON 50 29 micro-combined pH electrode (Crison Instruments, S.A. Spain). The electrode was calibrated by standard CRISON buffer solutions (pH 4.01, 7.00, and 9.21).
Synthesis and characterization of compounds 1-9
The compounds were prepared by addition of equimolar amounts of Ph-substituted acetophenones and diethyl oxalate to a twofold molar amount of sodium methoxide, obtained by dissolution of sodium in dry MeOH. The reaction mixture was stirred overnight, then poured into ice-cold water and vigorously stirred for additional ≈3 h at room temperature. Subsequently, the reaction mixture was filtered into water acidified with hydrochloric acid to pH 2-3. The obtained precipitate was collected by filtration and washed by ice-cold water. Evaporation of MeOH from filtrate leads to the precipitation of additional amount of products. The crude products were recrystallized from appropriate solvents.
The physical, analytical and spectral data of compounds 1-9 are given in the Supplementary material to this paper.
HPLC determination of the purity of the compounds
Stock solutions of compounds 1-9, 2 mg mL -1 were prepared in methanol, and 1 µL was injected onto the column. Gradient elution was performed in the following steps: 0-1 min, 100 % solvent A; 1-6 min, linear gradient from 100 % A to 0 % A (100 % B); 6-12 min, 100 % B. Solvent A: 0.2 % HCOOH in water; Solvent B: acetonitrile. The obtained chromatograms are shown in the Supplementary material, Figs. S-1-S-9.
Electrochemistry
Britton-Robinson buffers (pH range 1-10) were used for all measurements. Cyclic voltammograms were recorded on a glassy carbon electrode (GCE) at a scan speed 100-500 mV s -1 . All differential pulse voltammograms were recorded at a scan speed 13 mV s -1 (pulse amplitude 50 mV and pulse time 0.4 s). Nitrogen was bubbled for 200 s before each measurement.
Acidity constants determination
The acidity constants were spectrophotometrically determined at t = 25±1 °C and constant ionic strength 0.1 M (NaCl). Stock solutions were prepared in ethanol (c = 1×10 -2 M); working solutions (c = 1×10 -4 M) were prepared in deionized water (the ethanol concentration was 1 vol. %) in the pH ranges 1.0-3.5 for pK a1 and 6.1-9.8 for pK a2 , solutions of HCl were used for pH 1.0-3.5, phosphate buffers for pH 6.1-8.0 (c tot = 0.01 M), and carbonate buffers for pH 8.0-9.8 (c tot = 0.01 M). The UV/Vis spectra of the monoanionic form (HA -) of the ADKs were recorded in acetate buffer (c tot = 0.01 M, pH 4.5-5.0). The spectra were recorded over the 220-500 nm wavelength range at a scanning speed of 500 nm min -1 against the appropriate HCl or buffer solution as the corresponding blank. The absorbances were measured at the wavelength of the absorption maximum or at the wavelength of the maximal differences in the absorbances. 
where A H 2 A , A HA -, A A2-, and A represent the absorbances of molecular (H 2 A), monoanionic (HA -), dianionic (A 2-) forms of the ADKs and their mixture at specified wavelengths, respectively. Equations (1) and (2) gave linear dependences where the spectrum of only one "pure" form (HA -) was needed for K a1 and K a2 determination. The values of K a1 and K a2 were calculated by linear regression analysis from the slope of the corresponding fitting line (Supplementary material, Figs. S-10-S-21). The determination of the pK a values of compounds 1, 4 and 7 was previously described. 17 
Calculations setup
The full geometry optimizations of compounds 1-9 in their neutral (H 2 A) and anionic forms (HA -) were performed at the MP2 level of theory using the 6-31G(d,p) basis set. The geometries and energies of the H 2 A and HA -forms of 1-9 are given in the Supplementary material, Figs. S-22 and S-23. The influence of solvent was simulated applying the implicit (water) solvation model, IEF-PCM. The energies of the radical anions and radical cations of the H 2 A form, and the radical anions of the HA -form of the compounds were obtained by single-point calculations from the optimized geometries of H 2 A or HA -. The enol form I of compounds 1-9 was used, and appropriate charges and spin multiplicities in input files were chosen. All calculations were performed in the Gaussian09 program. 28 
RESULTS AND DISCUSSION
Identity and purity of compounds 1-9, synthesized according to previously reported procedure, 29 was confirmed using 1 H-, 13 C-NMR and IR spectroscopy, melting point determination, high resolution MS and HPLC analysis (Supplementary material). All compounds had > 95 % purity, as confirmed by HPLC.
The spectrophotometrically determined values of the acidity constants (pK a ) of the compounds are given in Table I. The distribution diagram of H 2 A, HA -, and A 2-forms of compound 1 are shown in Fig. 3 . The pK a1 values stands for the acidity constant of ADKs' carboxyl group and the pK a2 for the acidity constant of enol -OH group. In aqueous media, ADKs act as diprotic acids sparingly soluble in water, with the lowest solubility in acidic media (at pH < pK a1 ), where they are mostly present in the molecular, i.e., unionized, form (H 2 A).
As a trend, lower pK a values were observed for the ortho-substituted derivatives, with compound 9 being the most acidic one, most probably due to the presence of two ortho-substituents. Hyperchromic and blue shifts of UV/Vis absorption maxima of the ADKs with increasing pH value was also observed (Figs. S-10-S-21 of the Supplementary material), which could be attributed to the increased electron density of the chromophore. CV and DPP were used to examine the electrochemical behavior of the studied compounds at three pH values, i.e., 1, 5 and 10. In this way, the electrochemical properties of neutral, monoanionic and dianionic forms of the compounds were covered.
Representative cyclic voltammograms (CVM) of the pure H 2 A, HA -and A 2-forms and the E = f(pH) dependence for compound 4 are shown in Fig. 4a . The peak potentials for all compounds are given in Table II and the CVM are given in the Supplementary material, Fig. S-24 .
All compounds showed only one anodic (oxidation) peak at pH 1. The involvement of protons and electrons in oxidation within pH range 1-4 was determined according to the shift of peak potential as a function of pH (Fig. 4b) . The obtained slope (-0.052±0.002 V pH -1 ) was close to Nernstian, indicating that the electrode reaction involves an equal number of protons and electrons within pH range 1-4. Therefore, the oxidation of the ADKs is one-electron process involving the loss of one proton (most probably from the carboxyl group). A reversible reduction peak was not observed at any of the tested scan rates (50-500 mV s -1 ). The one-electron oxidation of the ADKs generated a radical cation that was not stable long enough to allow a reversible cathodic reaction, and hence, a concurrent chemical reaction (most likely polymerization) occurred. In the second CV cycle (Fig. 5) , the current decreased due to strong adsorption of studied compounds at the electrode surface. The adsorption of structurally similar molecules at the surface of glassy carbon electrode was described in the literature. 30, 31 The oxidation of the ADKs was facilitated with increasing pH value (lower oxidation potentials) and, simultaneously, the peak current decreased, most probably due to stronger adsorption on the electrode surface. At pH 10, a negligible oxidation peak was observed for all compounds. Since no reversible reduction peak was observed in the CV experiments, DPP on a dropping mercury electrode was used to study the reduction features of the compounds in aqueous medium within the pH range 1-10. Representative polarograms of the pure H 2 A, HA -and A 2-forms and E = f(pH) dependence for compound 1 are shown in Fig. 6a . Polarograms for all compounds are given in the Supplementary material, Fig. S-25 . As the slope in E = f(pH) dependence (Fig. 6b ) was close to Nernstian ((-0.058±0.002) V), the reduction appears to be a one-electron process.
As the pH value was increased, the reduction potential shifted to more negative values. At pH 10, no reduction peak was observed. Reduction potentials for all compounds at pH 1 and pH 5 are given in Table II .
Electrochemical oxidation and reduction are electron transfer processes between the electro-active molecule and the electrode surface. These heterogeneous processes are influenced by various effects beyond purely electronic ones, i.e., it is well established that the way a molecule approaches the electrode and the nature of the electric double layer at the surface of the electrode affect electron transfer. 32 To obtain quantitative correlation between the oxidation and reduction potentials and structural features of compounds 1-9, descriptors derived from ab initio calculations were used. Frontier molecular orbitals, which describe the whole molecules and account for their reactivity, appear as a logical choice. As already noted, the enol form I was used and the geometry of all the studied compounds in their neutral forms was optimized. The electron density distribution of the HOMO and LUMO for representative compounds is shown in the Supplementary material, Figs. S-26 and S-27. The HOMO of all members of the set is located mainly on the phenyl ring while the corresponding LUMO electron density is generally located on the hydroxy-butanoic moiety. Upon removal of a hydrogen from the carboxyl group (deprotonation), the optimized structures were used as the input for full geometry optimization of the compounds in their monoanionic form. Subsequently, single point calculations were performed on the structures of the molecules optimized in their neutral forms to obtain αSOMO (singly occupied molecular orbital) and αLUMO energies for the radical cations and radical anions. Single point calculations on the fully optimized geometries of the monoanions (HA -forms) were used to obtain the αSOMO and αLUMO energies for the radical dianions (radical anions of the HA -form). In all calculations, the implicit solvation model is used. The FMO energies and the corresponding gaps between those orbitals (HOMO--LUMO and αSOMO-αLUMO) of the neutral, anionic and corresponding radical forms of the compounds were included in the pool of descriptors, Tables S-I and S-II of the Supplementary material. The pool of descriptors was enhanced by the addition of the numeric values of molecular dipoles for all the studied forms (Tables S-I and S-II of the Supplementary material), and the indicator variable (I), which corresponds to number of ortho-and meta-alkyl substituents on the phenyl ring (Table II) . From the optimized geometries of the molecules, it is clear that the Ar-to-C(O) torsion of the ortho-substituted compounds is larger than for the other compounds, due to repulsion of the ortho-Me and the aroyl--C(O)-moiety. Furthermore, alkyl substituents in ortho-and meta-positions most probably influence the approach and interaction of the molecules to the electrode. An attempt to include the square cosine values of the torsion angles between Ar and the -C(O)-moieties of the molecules, in order to provide a more precise description of the differences in the geometry, proved unproductive; such descriptor did not fit to any correlation (data not shown).
At pH 1, all compounds exist in the molecular, while at pH 5, all compounds are in their monoanionic form (Fig. 3, Table I ). To make correlations of the redox potentials experimentally obtained at different pH values, descriptors derived from the optimized geometries of the corresponding forms were used. Descriptors derived for the neutral form of the molecules were used in the correlation with redox properties obtained at pH 1, while descriptors derived for the monoanionic forms were used for pH 5.
The intercorrelation matrix of the descriptors used (Table S- -E red _pH_1 and the SOMO-LUMO gap for the radical anions; -E ox _pH_1 and the SOMO-LUMO gap for the radical cations; -E ox _pH_1 and the numerical values of the dipoles of the radical cations; -E ox _pH_5 and the numerical values of the dipoles of the radical cations. Exclusion of derivative 9 resulted in statistically insignificant correlations in all instances.
Regarding two-parameter correlations, good linear relationships between the reduction potentials obtained at pH 5 and either the energy of the LUMO orbitals of the anions of the compounds (Eq. (3) for steric effects, featured in both correlations, the importance of FMO descriptors was somewhat higher. No statistically significant correlations could be found using any combination of descriptors for reduction potentials obtained at pH 1, nor for the oxidation potentials at pH 1 and pH 5. This may be due to adsorption of electro-oxidation products at the electrode, which was observed experimentally (Fig. 5) .
CONCLUSIONS
In continuation of ongoing work on structure-property relationships and the biological activity of ADKs, the redox properties of nine congeners were measured at three pH values, where they are present in molecular, monoanionic or dianionic form, in CV and DPP experiments. The substitution pattern on phenyl ring of the examined compounds was systematically varied, yielding a set having different torsion between the phenyl ring and the aryl keto group (Ar--C(O)), to evaluate the effects of substituents on the dioxobutanoic moiety. Oxidation and reduction involved the same number of protons and electrons. The oxidation of ADK is a one-electron process involving the loss of one proton, while a reversible reduction peak was not observed. DPP measurements revealed shifts of reduction potential to more negative values with increasing pH. It was observed that ortho-substituted ADKs have lower pK a1 and pK a2 values compared to those of the other derivatives.
The optimized geometries of all the studied congeners were used to rationalize the results of the CV and DPP experiments. The influence of substituents on the electrochemical behavior of the ADKs was quantified using quantum chemical descriptors. Very good linear correlations between the reduction potentials determined at pH 5 and the calculated FMOs and a descriptor that accounts for steric effects were observed.
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